The FCGR3A gene encodes for the receptor important for antibody-dependent natural killer cellmediated cytotoxicity. FCGR3A gene polymorphisms could affect the success of monoclonal antibody therapy. Although polymorphisms, such as the FcγRIIIA-V158F and -48L/R/H, have been studied extensively, an overview of other polymorphisms within this gene is lacking. To provide an overview of FCGR3A polymorphisms, we analysed the 1000 Genomes project database and found a total of 234 polymorphisms within the FCGR3A gene, of which 69%, 16%, and 15% occur in the intron, UTR, and exon regions respectively. Additionally, only 16% of all polymorphisms had a minor allele frequency (MAF) > 0.01. To facilitate (full-length) analysis of FCGR3A gene polymorphism, we developed a FCGR3A gene-specific amplification and sequencing protocol for Sanger sequencing and MinION (Nanopore Technologies). First, we used the Sanger sequencing protocol to study the presence of the V158F polymorphism in 76 individuals resulting in frequencies of 38% homozygous T/T, 7% homozygous G/G and 55% heterozygous. Next, we performed a pilot with both Sanger sequencing and MinION based sequencing of 14 DNA samples which showed a good concordance between Sanger-and MinION sequencing. Additionally, we detected 13 SNPs listed in the 1000 Genome Project, from which 11 had MAF > 0.01, and 10 SNPs were not listed in 1000 Genome Project. In summary, we demonstrated that FCGR3A gene is more polymorphic than previously described. As most novel polymorphisms are located in non-coding regions, their functional relevance needs to be studied in future functional studies.
affinity to an IgG1 or IgG3 antibody as compared to the presence of a homozygous phenylalanine genotype (F/F), resulting in a higher level of NK cell-mediated ADCC [6] [7] [8] . In antibody-based immunotherapy, NK cell-mediated ADCC is one of the mechanisms underlying the anti-cancer effects of frequently used antibodies like rituximab, trastuzumab, and cetuximab. Several clinical studies provided evidence for the functional relevance of the V158F polymorphism in this setting: in non-Hodgkin lymphoma, HER-2/neu-positive metastatic breast cancer, metastatic colorectal cancer or head and neck cancer, patients with V/V polymorphism appeared to have an improved progression-free survival as compared to patients with F/F phenotype [9] [10] [11] [12] [13] . Moreover, a study examining rituximab and ADCC in healthy donors suggested that the expression of at least one valine at FcγRIIIa-158 could explain the improved clinical outcome 14 . Nonetheless, two other studies 15, 16 did not find any correlation between the V158F polymorphism and the clinical outcome, possibly due to sample size limitation.
The characterization of the FCGR3A gene polymorphism may also be relevant in the solid organ transplantation setting where, in the presence of antibodies against a renal graft, NK cells have been shown to mediate ADCC contributing to graft rejection 17, 18 . A recent study on cardiac allograft showed that patients with V/V genotype had an enhanced CD16a expression and were associated with a higher risk of developing vasculopathy and eventually allograft rejection 19 .
Interestingly, a study on bone marrow transplantation for myeloid malignancies suggested that the V158F polymorphism in recipients could predict transplant outcomes and the presence of V/V genotype in recipients was associated with a significantly reduced risk of acute and chronic graft-versus-host disease as well as better overall survival 20 . Furthermore, patients with F/F or V/F genotype have been shown to have a higher predisposition to an increased incidence of infection after liver transplantation 21 .
In addition to the V158F polymorphism, several additional polymorphisms in the FCGR3A gene have been identified: (1) the FcγRIIIA-48L/R/H polymorphism (rs10127939), where a single nucleotide substitution from T to G is responsible for a leucine (L) to an arginine (R) substitution and T to A is responsible for a leucine (L) to a histidine (H) at amino acid position 48. Both these substitutions have been reported to have an enhanced binding to the IgG 1 , IgG 3 , and IgG 4 22 . This polymorphism has also been demonstrated to be linked to the FcγRIIIA-V158F polymorphism 6 where the FcγRIIIA-48L/R/H polymorphism influenced ligand binding capacity in the presence of the FcγRIIIA-V158F polymorphism 23 . The presence of R or H allele and at least one copy of V allele provided a higher binding capacity. (2) A homozygous missense mutation in the FCGR3A gene encoding a L48H substitution causing a defect in NK cell cytotoxicity due to a reduced surface expression of CD2, a co-activation receptor, while preserving an intact ADCC 24 . (3) two SNPs (rs4656317 and rs12071048) located within the enhancer region of the FCGR3A gene that are in strong linkage disequilibrium with the FcγRIIIA-V158F polymorphism and strongly affected NK cell ADCC activity where the major alleles had a higher ADCC activity than those with minor alleles 25 , (4) a 3-SNP/1-indel FCGR3A intragenic haplotype which was associated with increased FcγRIIIa expression 26 . (5) Several other polymorphisms in the FCGR3A gene, i.e. rs2099684 27 ; rs10919543 28 ; and rs445509 29 , that have been found to be associated with arteritis 27, 28 and chronic periodontitis 29 .
The above mentioned studies highlighted the potential relevance of FCGR3A polymorphisms for NK cell effector function and their potential clinical relevance. However, the analysis is frequently complicated by the presence of FCGR3B gene, encoding the inhibitory FcɣRIIIb receptor, as the FCGR3B gene is highly homologous to the FCGR3A gene except that it has a T at nucleotide 531 of the cDNA instead of a C 7, 30 . Another issue is that previous methods were focused on sequencing particular exons of the gene 7,31 while extended polymorphism in for example 5′ or 3′ UTR or in introns could also influence CD16a expression e.g. by influencing micro-RNA binding or alternative splicing 32 . To facilitate future studies to unravel the functional consequences of CD16a polymorphism, we established a standardized way to determine V158F gene polymorphism using Sanger sequencing and we tested a new full-length gene single molecule sequencing method for the identification of polymorphism in the FCGR3A gene using MinION (a Nanopore technology). We subsequently used these methods, combined with the data present for the FCGR3A gene in the database of phase 3 of the 1000 Genomes project (1KGP), to generate a more comprehensive overview of full-length CD16a polymorphism.
Results

FCGR3A gene variability beyond the V158F polymorphism.
To study the magnitude of FCGR3A gene polymorphism, we analysed the nucleotide variability data available in the 1KGP for this gene and mapped all the polymorphisms identified in 1KGP based on the location (gene region) and the minor allele frequency (MAF) (Fig. 1 ). The polymorphic index (PI), the number of polymorphic positions divided by the length of the whole gene and of the individual introns/exons/UTR, was calculated ( Table 1 ). This illustrated that exon 3 is the most polymorphic region in the gene, with a PI of 0.066, while exon 2 has the lowest PI. The gene sequence of exon 2-5 encodes for the FcγRIIIa receptor, which consists of an extracellular domain with two Ig-like domains (exon 3 and 4) and five potential N-glycosylation sites (three in exon 3 and two in exon 4), a transmembrane domain (exon 5) and a cytoplasmic domain (exon 5).
A total of 234 polymorphisms (3% of the entire gene, SNP density: 2.83 SNP/100 bp) were identified, of which 34 (15%) are present in the exons, 162 (69%) in the introns, and 38 (16%) in the untranslated regions (UTRs) ( Fig. 2 ). Of note, only 36 of these 234 polymorphisms have a MAF higher than 1% ( Table 2) . A relatively high number of these polymorphisms with a MAF higher than 1% are located in intron 3 as compared to the other regions (16 out of 36).
Of the 34 polymorphisms identified in the exons, 22 (65%) are non-synonymous and 12 (35%) are synonymous. Only one non-synonymous (rs10127939 C/T) and two synonymous polymorphisms (rs114535887 and rs150808747) have a MAF greater than 1%. The non-synonymous polymorphism is located at nucleotide position 1302 in exon 3 with three different nucleotides possible (T, G, and A), resulting in three different amino acids: leucine (L, MAF 0.09), arginine (R, MAF 0.039), and histidine (H, MAF 0.027) and three different alleles. The The V158F polymorphism at nucleotide position 5093 (rs396991) is not documented in the 1KGP because it did not reach the quality control threshold, most probably because of its location in a homopolymer-rich region, and thus no frequency information of this polymorphism was attainable. For this reason, Fig. 1 shows an arrow demonstrating the location of the V/F polymorphism, but provides no further information.
Sanger sequencing for detection of V158F polymorphism in the FCGR3A gene. To establish a convenient method to analyse FcγRIIIa-158 polymorphism, while excluding the highly homologous FCGR3B gene, we explored a Sanger sequencing based approach that would also enable analysis of extended polymorphism. The FCGR3A gene sequence of the 1KGP database was used as a reference for the sequencing analysis. First, we focused the analysis on the FcγRIIIa-158 polymorphism and, in our sequence data, we identified the FCGR3A gene by the presence of a C nucleotide at the position 5065 while a T would be identified in case of an FCGR3B gene (Fig. 3a) . The FcγRIIIa-158 polymorphism variants at nucleotide position 5093 (T/T, T/G, and G/G) could be distinguished by analysis of the chromatograms. The T/T genotype would result in an F/F phenotype (low affinity), T/G in a V/F phenotype, whereas G/G would result in a V/V phenotype (high affinity). We subsequently analysed a total of 76 samples for the V/F polymorphism and a total of 29 samples were found to be homozygous for T (F/F), 42 samples were heterozygous (V/F), and 5 samples were homozygous for G (V/V). Hence, the T allele was overall the most prevalent; 66% T compared to 34% G. To validate the results obtained from the sequencing, we used sequence-specific primers (SSPs) to specifically amplify the variants of the FCGR3A gene separately. For this validation, we selected a total of 11 samples. The gel electrophoresis results confirmed the sequencing results ( Supplementary Fig. S1 ).
Altogether, these data showed that the developed Sanger sequencing approach is reliable to identify polymorphisms in the FCGR3A gene. 
Detection of extended, full-length polymorphisms is feasible using Sanger-and MinION
Nanopore-based sequencing. The results from the 1KGP database analysis on FCGR3A gene polymorphisms revealed that there were more polymorphisms within the FCGR3A gene than previously described. Additionally, the 1KGP polymorphism frequency database showed that some of these polymorphisms occurred in the worldwide population with a frequency higher than 1.0%. We therefore envisioned that detection of extended full-length polymorphisms, including the non-coding regions, in this gene could facilitate future studies on the functional relevance of the FcγRIIIa receptor polymorphism. To investigate the feasibility of detecting polymorphisms in the FCGR3A gene, we set up a pilot study and amplified the whole FCGR3A gene region for 14 DNA samples and subsequently sequenced using two approaches: Sanger-and MinION sequencing (Oxford Nanopore Technologies). Despite full-length amplification, we did not perform full length sequencing for Sanger sequencing for this pilot and used primers covering a part of intron 3, exon 4, intron 4, and 3′UTR region. MinION is a novel portable real-time single molecule sequencing device developed to sequence long regions with ultra-long reads. With this technique, we were therefore able to sequence the complete full-length gene, also including all non-coding gene regions. MinION amplification primers were also tagged enabling us to barcode and sequence multiple samples simultaneously. After sequencing, we analysed the sequencing results and compared the results obtained by Sanger sequencing with those obtained by MinION and with the data from the 1KGP.
In this pilot study, we detected 23 SNPs in the FCGR3A gene of the 14 individuals (Table 3 ). Of these 23 SNPs, 13 were also identified by the 1KGP and two of these SNPs (G3121A and T3155C) were found with a MAF < 0.01. The only exonic SNP T5093G (V158F polymorphism) is listed in 1KGP database as "failed variant" and the allelic frequency data is not available in this database. We therefore used the MAF data from other databases (GO-ESP and ExAC) in Table 3 . The 10 SNPs not identified by the 1KGP were located in the non-coding intron 3, intron 4 or 3′UTR region. Of the 23 detected SNPs, nine were identified by both the Sanger sequencing and MinION technique. Since the other 14 SNPs were located in regions outside the Sanger sequence area, these were only identified by MinION. This result demonstrates that MinION sequencing can be used to determine full-length FCGR3A polymorphism. Although the results of MinION sequencing were similar to Sanger sequencing, some cautions should be taken when reading the sequencing results in the region where V158F polymorphism is located (Fig. 3b ). We observed that MinION could misreport the presence of heterozygous G/T where it would be reported as a homozygous T/T genotype (depending on the analysis settings/percentage of nucleotides present), most likely due to the presence of a homopolymer sequence within the region. This might actually be the reason why it is reported as a "failed variant" in the 1KGP, since all NGS methods encounter difficulties in analysing homopolymer regions.
Altogether, we demonstrated that using full-length Sanger-based and MinION-based sequencing methods we could detect both known as well as new polymorphisms within the FCGR3A gene.
Discussion
NK cells are the principal mediator of ADCC due to the high expression of the activating FcγRIIIa and the absence of the inhibitory FcγRIIIb on their surface 3 . The large availability of clinical grade antibodies triggering ADCC against cancer cells has put increased focus on NK cell-mediated ADCC and emphasizes the relevance of the FcγRIIIa for cancer immunotherapy 4 . In addition, a few studies underlined the functional relevance of FcγRIIIa in the transplantation setting by showing that NK cell mediated ADCC could play a role in allograft rejection 33 . Albeit several FCGR3A gene polymorphisms have been shown to impact NK cell mediated ADCC, full-length gene polymorphism has not been determined. Hence, we provide here an overview of FCGR3A gene polymorphisms, as well as two improved sequencing methods for further gene exploration. In this study, with 234 polymorphisms identified, we demonstrated that FCGR3A gene is more polymorphic than currently known; 34 SNPs were located in the exons and only 3 of them had a MAF > 0.01. We identified two non-synonymous SNPs either by Sanger sequencing/MinION sequencing or in 1KGP. The first one was rs10127939, representing the FcγRIIIA-48L/R/H previously shown to influence ADCC 22, 23 . We did not detect this polymorphism in our full-length sequencing samples presumably because of our limited sample size and the fact that the frequency of this polymorphism is relatively low in the population (MAF = 0.039 and 0.027). The second non-synonymous SNP in the coding region was rs396991, representing the V158F polymorphism which we detected both by Sanger-and by MinION sequencing. In our test panel the V/F phenotype (G/T genotype) is the most common (55%) followed by F/F (T/T genotype, 38%) and V/V (G/G genotype, 7%). The presence of V158F polymorphism has been previously investigated in individuals from different populations, including ethnic groups from Singapore 34 , the Netherlands, Great Britain, Norway 35 and Japan 36 . Overall these studies reported the V/F or F/F phenotype as the most frequent, whereas the V/V was the least frequent phenotype in all populations, which is comparable to our results and could suggest some kind of selective pressure on FCGR3A. Our study set up did not allow us to reliably compare V158F gene-and allele frequencies between the 34 samples from the Guadaloupe population vs the 42 samples from our institute or with the results from the 1KGP. The major reason for this was the lack of information on the exact ethnic background of the individuals and the low sample size. Given the known highly heterogeneous background of the Guadaloupe population, it would, however, be highly interesting to compare this population with other populations in a future study. In this study, we demonstrated that the majority of FCGR3A gene polymorphism is located in the non-coding regions and at least 33 of the 200 identified non-coding SNPs have a MAF > 0.01 in the 2504 individuals of the 1KGP. As introns have been demonstrated to be involved in gene regulation 37 and many intronic polymorphisms could exhibit functional significance 38 , it might be worthwhile to perform additional functional studies. SNPs located in the intron regions could potentially affect RNA splicing by altering the sequences of the 5′/3′ splice site, branch point, polypyrimidine tract or intronic splicing enhancer/silencer motifs. A study on FCGR2C gene interestingly showed that a mutation in an intronic splice site introduced novel stop codons resulting in a loss of FcγRIIc expression 39 . In this study we have investigated the two consensus splice site sequences on the 5′ and 3′ end of the intron (GT on 5′ and AG on 3′) and we already observed one SNP (rs544630563) at the 3′ of intron 4, turning AG into GG, although it was found with low frequency in the 1KGP database (MAF < 0.01). Additionally, as in a recent paper reviewing different studies on different disease genes, several mutations deep within the introns (for example 100 base pairs upstream exon-intron boundary) were identified as being associated to multiple diseases 40 . In line with our data, where we observed intronic polymorphisms located upstream the exon-intron boundary, it would be interesting to look at the association of these polymorphisms with the functionality of the FcγRIIIa receptor.
In the present study, we successfully set up a Sanger-and a MinION-based protocol to sequence the FCGR3A gene. We subsequently demonstrated that both Sanger sequencing and MinION were able to identify FCGR3A polymorphisms present in the 1KGP database. While Sanger sequencing is based on the capillary electrophoresis, MinION technology consists of nanopores embedded in an electrically resistant membrane through which a current is applied, causing a potential which flows through the aperture of the nanopores. The changes observed in the current correspond with 5 to 6 nucleotides passing through the nanopores. This electrical signal is translated into reads that can be analysed and by this technology, MinION can sequence reads up to hundreds of kilo base pairs. For both techniques, we performed identical full-length amplification of the gene. However, MinION has the advantage of directly generating full-length gene reads and phasing of the two variants is possible without group-specific amplification. Although MinION allows full-gene sequencing of various samples in a relatively short time, this technology is not yet widely implemented. Compared to conventional sequencing approaches MinION has a lower accuracy and sensitivity and therefore more reads must be generated. We demonstrated a good concordance between Sanger sequencing and MinION, and were able to identify the V158F polymorphism in all samples using both MinION and Sanger. Nonetheless, a homopolymer region, such as the sequence around V158F, is known to be problematic in all next generation sequencing approaches, apparently including MinION and presumably this also explains the lack of data for this region in the 1KGP. The challenge of analyzing such homopolymer regions with MinION sequencing has been described in several other studies as well [41] [42] [43] . Hence despite its usefulness for full-length gene analysis, Sanger sequencing for now seems the preferred method when only analysis of V158F polymorphism is required. In summary, we showed that FCGR3A gene is highly polymorphic especially in the non-coding regions of the gene requiring functional studies to investigate the functional consequences. Additionally, we demonstrated that our Sanger-and MinION-based sequencing approaches can be used to identify the extended polymorphisms of the gene. Although further optimization and validation is warranted, we also identified MinION as a powerful method to perform direct full-length FCGR3A gene sequencing.
Material and Methods
Subjects. FCGR3A sequences were studied in a test panel consisting of 76 distinct samples with unknown DNA sequence, 42 of them were volunteers from the institute and 36 were individuals from the Guadeloupe islands 44 DNA isolation. Genomic DNA was extracted from ethylenediamine tetraacetic acid (EDTA) blood samples using the QIAamp DNA blood mini kit (Qiagen, Hilden, Germany). DNA concentrations were measured using the NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Wilmington, Delaware).
Amplification of the FCGR3A gene for Sanger-and MinION sequencing. Amplification primers.
Primers specific for the FCGR3A gene were designed by comparing the sequences of the FCGR3A and FCGR3B genes, including their polymorphisms, and finding the discrepancies among them. Due to the extreme homology of the genes, some generic primers (not specific for the FCGR3A gene) were also designed as a control and always used in combination with a specific primer. MinION amplification. The same amplification primers used for Sanger sequencing were used for the MinION sequencing mixture, with a tag-sequence (indicated as italic and red) added to the ends to enable barcoding amplification for identification of different samples after all samples were pooled.
Sanger sequencing of V158F region. Amplicons obtained from all 76 DNA samples were purified by ExoSAP-IT (Affymetrix, Santa Clara, California) following the manufacturer's protocol.
Purified amplicons were sequenced using ABI BigDye Terminator Chemistry (Life Technologies) and an ABI 3730 sequencer (Life Technologies) with a forward and a reverse sequencing primer. For FCGR3A gene sequencing using Sanger, several sequencing primers were used to cover different locations in the gene. The sequencing mixture consisted of 1 µl purified PCR product, 0.5 µl sequencing primer (5 pmol, Sigma-Aldrich), 1 µl of BigDye Terminator v1.1 mix, 1.5 µl 5x Big Dye Terminator sequencing buffer and 6 µl distilled water. The PCR program consisted of: 1 minute at 95 °C, followed by 25 cycles of 10 seconds at 95 °C, 5 seconds at 50 °C, and 4 minutes at 60 °C. Successively, the mixtures were purified by Sephadex G-50 Fine (GE Healthcare Life Sciences, Little Chalfont, UK) and placed in the ABI 3730 sequencer for capillary electrophoresis sequencing. The chromatograms were aligned with a reference sequence obtained from the 1KGP and analysed using DNASTAR Lasergene SeqMan Pro (DNASTAR Lasergene, Madison, Wisconsin).
MinION Nanopore-based sequencing. Amplicons obtained from 14 DNA samples from the cohort of individuals present in the institute, were barcoded and sequenced following Oxford Nanopore's instructions (NSK-LSK208). In short, we purified the amplicons using CleanPCR beads (GC Biotech, Alphen aan den Rijn, the Netherlands) followed by determining DNA concentration using a DS-11 spectrophotometer (DeNovix, Delaware, USA). Next, 48 ng of amplicon was barcoded using the PCR barcoding Kit 1 (Oxford Nanopore Technologies, Oxford, UK) and LongAmp Taq2x (New England Biolabs, Massachusetts, USA) followed by purification of the barcoded PCR product using CleanPCR beads and determination of DNA concentration. The barcoded DNA samples were pooled to an end volume of 1 µg in 45 µl and an endrepair/dA-tailing was performed (NEBNext Ultra II End-Repair/dA-tailing module, New England Biolabs) followed by a purification step using AMPure XP beads (Beckman Coulter, California, USA). After that, DNA adapter ligation was performed using NEB Blunt/TA ligase master mix (New England Biolabs) and samples were purified using MyOne C1 Dynabeads (Thermo Fisher Scientific, Massachusetts, USA). Of this adapter library, 75 µl was loaded into a FLO-MIN106 flow cell. Sequencing run was performed and base calling was done using Albacore software (V1.2.4, Oxford Nanopore Technologies). Sequencing data was analysed using in-house software and Integrative Genomics Viewer (IGV) 45 .
SCIeNTIfIC RepORts | (2018) 8:15983 | DOI:10.1038/s41598-018-34258-1 PCR amplification using sequence specific primers for Sanger sequencing validation. The sequence specific primers (SSPs) consisted of one primer specific for the T allele and one for the G allele. An FCGR3A gene-specific primer was used in combination with the SSPs to assure specific amplification of the FCGR3A gene. The PCR program was almost identical to the Sanger sequencing amplification protocol described in this article, except that the annealing temperature used for SSP PCR was 63 °C during the first 10 cycles.
1000 Genome Project Data Analysis. Based on the publicly available data present in the third phase of the 1KGP (http://phase3browser.1000genomes.org/index.html), including 2504 individuals originating from 26 different populations, the FCGR3A gene comprised 8259 bp located on chromosome 1: 161511549-161519818 (reverse direction). This sequence corresponds to the FCGR3A-001 protein coding transcript and the start of exon 1 (position 1:161519634) was used as nucleotide position 1 in this paper. We recorded the polymorphism and its location on the chromosome as well as the gene location (position of nucleotide and region (i.e. UTR, exon, or intron)). The population genetic tool was used to acquire an overview of the overall allele frequencies and the frequencies within different population.
List of primers
